ABSTRACT: Collagen is the most abundant protein in extracellular matrices and is commonly used as a tissue engineering scaffold. However, collagen and other biopolymers from native sources can exhibit limitations when tuning mechanical and biological properties. Cysteines do not naturally occur within the triple-helical region of any native collagen. We utilized a novel modular synthesis strategy to fabricate variants of recombinant human collagen that contained 2, 4, or 8 non-native cysteines at precisely defined locations within each biopolymer. This bottom-up approach introduced capabilities using sulfhydryl chemistry to form hydrogels and immobilize bioactive factors. Collagen variants retained their triple-helical structure and supported cellular adhesion. Hydrogels were characterized using rheology, and the storage moduli were comparable to fibrillar collagen gels at similar concentrations. Furthermore, the introduced cysteines functioned as anchoring sites, with TGF-β1-conjugated collagens promoting myofibroblast differentiation. This approach demonstrates the feasibility to produce customdesigned collagens with chemical functionality not available from native sources.
INTRODUCTION
The environment that a cell inhabits plays a major role in determining cell fate. Mechanical properties, degradation characteristics, cell-interaction sites, and signaling factor densities of the extracellular matrix (ECM) environment have been shown to modulate proliferation, migration, and differentiation of the residing cells. 1−4 Therefore, components of the ECM, such as the protein collagen, are natural departure points for designing cell substrates and microenvironments in tissue engineering and regenerative medicine. Ideally, biomimetic materials would have the additional advantage over native ECM materials of being amenable to independent control over properties such as protein concentrations, mechanical properties, and densities of cell-interaction sites. 3 Furthermore, engineered materials would not suffer from the typical concerns for materials from animal sources (e.g., batch-to-batch variability, immunogenicity, pathogen transmission). 5−7 Examples of peptides or polymers used as artificial matrices have included hyaluronic acid, fibrinogen, elastin, and the entirely synthetic polymer polyethylene glycol, 8−12 but none are as prevalent in native ECM as the protein collagen.
However, despite collagen being the major component of the ECM, and despite the corresponding high interest to engineer it, efforts to produce collagen synthetically as a matrix backbone have been complicated by challenging issues. 13, 14 Collagen's glycine-X-Y tripeptide repeating sequence, together with the unique sequences embedded within the tripeptide repeats required for cell interaction sites, and the large overall number of amino acids, result in difficulties in generating an encoding synthetic gene due to oligonucleotide mishybridizations. 15 Furthermore, prolines in the Y position must be posttranslationally hydroxylated for sufficient thermostability of the collagen triple helix. 16 These difficulties have limited most collagen-mimetic materials to short peptides 13,17−21 or repeating collagen-like domains. 22 Our research group has developed a bottom-up strategy to produce full-length, hydroxylated recombinant collagen III with the native human sequence (rCol) or with alternatively defined sequences. Collagen III, one of the fibrillar collagens, is located in elastic tissues such as the skin, vasculature, and other tissues alongside collagen I. 23, 24 It is a homotrimer and expressed from a single gene; therefore, this was selected as our collagen scaffold because it minimizes the number of genes requiring modification to introduce non-native elements into the collagen biopolymer. To overcome the mishybridization problem between oligonucleotides during gene synthesis, the DNA sequence was optimized utilizing an algorithm that considered the degeneracy of the genetic code and oligonucleotide hybridization melting temperatures. 15 Gene synthesis was then performed in modules via PCR assembly. The protein is produced in Saccharomyces cerevisiae that has been genetically engineered with the ability to hydroxylate prolines in the correct positions within collagen. 25 This strategy provides complete control of the amino acid sequence and allows for the tailoring of sequence, location, and frequency of functional sites within the protein. Our previous work has shown that recombinant human collagen III produced by this platform yields stable triple-helical collagen with correct structure, and this collagen interacts favorably with mammalian cells. 25 In this study, we examined the feasibility of using our platform to fabricate custom-designed collagen variants. We introduced non-native elements into the human collagen III scaffold, and then probed the structural effects and the functionality of these modified sites. Varying numbers of cysteines (Cys), which are not present in the triple-helical regions of any fibrillar collagen, were inserted at specific sites to be used as cross-linking or attachment sites for bioactive proteins. Although lysines are often used to chemically functionalize collagen from native sources, there are 38 lysines present in the triple-helical region of collagen III, 26 resulting in difficulty in controlling the location and quantity of any lysinebased reactions. In contrast, the exact numbers and locations of Cys sites can be precisely controlled using our platform.
We then examined whether the specifically designed collagens are functional for cross-linking and attachment of bioactive molecules. The sulfhydryl group on Cys is available for reacting with maleimide to form a thioether linkage. One advantage of this approach is to avoid the cytotoxicity of crosslinking lysine amines using either glutaraldehyde or N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide (EDC). 27, 28 Furthermore, the use of lysines as cross-linking or attachment sites may alter ligand availability as they are contained in binding sequences. 29 These cysteine variants allow for the formation of cross-linked collagen hydrogels with the potential of decoupling stiffness from protein concentration through the control of cysteine density, and thus cross-linking density, per collagen. To examine the feasibility of modulating cell fate through differentiation of fibroblasts to myofibroblasts, 30−32 we immobilized transforming growth factor beta 1 (TGF-β) onto the non-native Cys residues of recombinant collagen variants.
The results of our study demonstrate the ability to produce engineered recombinant collagen with tunability of both physical and biological properties. This approach enables design flexibility of the most prevalent yet synthesis-elusive ECM biopolymer, and it is a significant step toward bottom-up fabrication of artificial cellular microenvironments for tissue engineering.
MATERIALS AND METHODS
2.1. Cells and Reagents. Escherichia coli DH5α was purchased from Strategene (La Jolla, CA). Restriction endonucleases, DNase I, and RNase I f were acquired from New England Biolabs (Ipswitch, MA). Phenylmethanesulfonyl fluoride (PMSF), tris(2-carboxyethyl)phosphine (TCEP), bovine serum albumin (BSA), galactose, 40 kDa MWCO desalting columns, methyl-PEG 24 -NHS [ms(PEG) 24 ], and succinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (SMCC) were obtained from Thermo Fisher (Waltham, MA). Pepsin was purchased from MP Biomedicals (Santa Ana, CA). TGF-β1 was obtained from R&D Systems (Minneapolis, MN). The cross-linking reagent 20 kDa 4-arm PEG maleimide was purchased from NANOCS (Boston, MA). Acrylamide solution was acquired from Bio-Rad (Hercules, CA). Native collagen proteins used as controls were obtained from Millipore (Billerica, MA). Dulbecco's modified Eagle's medium (DMEM), CelLytic M, and monocolonal antibodies against α-smooth muscle actin were purchased from Sigma (St. Louis, MO). Fetal bovine serum (FBS), penicillin, streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Alexa Fluor 532 C 5 -maleimide (AF532), and secondary antibody alkaline phosphatase conjugated antimouse IgG antibodies were obtained from Life Technologies (Carlsbad, CA). Casamino acids, yeast nitrogen base, and tissue culture plates were purchased from BD Biosciences (Franklin Lakes, NJ). NIH/3T3 mouse fibroblast cells and HT-1080 human fibrosarcoma cells were obtained from ATCC (Manassas, VA). Cells were maintained in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C and 5% CO 2 .
2.2. Fabrication of Genes Encoding Collagen Variants. Full length collagen-mimetic proteins were fabricated using the 15 The triple-helical region of collagen, for which the gene has been conventionally difficult to assemble, was divided into 12 modules to facilitate synthesis and sequence design. By utilizing the degeneracy of the genetic code, oligonucleotide sequences were optimized to yield higher melting temperatures for correct hybridizations than for incorrect hybridizations. 33 These oligonucleotides were assembled into 12 primary fragments by polymerase chain reaction (PCR). These primary fragments were then PCRassembled into secondary fragments, and the secondary fragments were PCR-assembled into the full length gene. We showed that this process enables the fabrication of genes encoding the amino acid sequence of human collagen III (which is defined here as "baseline" collagen, rCol) and variants of collagen with desired modulated sequences. 15 To produce genes coding for collagen containing varying numbers of non-native cysteines, site-directed mutagenesis (SDM) was performed on eight of the 12 primary fragments of the baseline collagen gene to build a library of primary fragments containing one Cys per fragment (see Figure 1) . Complementary mutagenic primers used in SDM were designed to change an amino acid of similar size to cysteine in the X or Y position of the Gly-X-Y tripeptide near the center of each primary fragment. This assisted the assembly of primary fragments with and without these non-native cysteines. The mutagenesis procedure was based on protocols described previously, 15 and details are described in the Supporting Information. Briefly, plasmids containing the primary fragments of the baseline human collagen were amplified with their corresponding mutagenic primer pairs in a PCR reaction and digested with DpnI. The DNA product of expected size was transformed into Escherichia coli DH5α, and plasmid DNA from colonies grown on LB-Kanamycin were sequenced to confirm the introduction of the Cys mutations and the correct primary fragment sequence.
Primary fragments with and without Cys were mixed-andmatched to assemble secondary fragments with Cys in the desired locations following previously reported protocols; 15 details are provided in Supporting Information. Full length collagen variant genes were assembled from the secondary fragments and sequenced to confirm the correct product. These full length collagen variant genes were then transferred to a S. cerevisiae CEN/ARS plasmid as previously described 34 to generate the vectors used for biopolymer expression in yeast. These resulting plasmids are YCpMCOL-2C, YCpMCOL-4C, and YCpMCOL-8C, which contain collagen genes encoding 2, 4, and 8 non-native cysteines, respectively, at roughly equidistant locations along the full-length polymer. Figure 1 summarizes the collagen variants and their corresponding Cys mutations that are encoded by these genes.
2.3. Protein Expression and Purification. Full length recombinant biomimetic collagens were expressed in S. cerevisiae BYα2β2, which was engineered to contain two integrated copies each of the human prolyl-4-hydroxylase α-subunit and β-subunit genes to achieve hydroxylation of prolines in the collagen biopolymers. 25 BYα2β2 was transformed with plasmids YCpMCOL-2C, YCpMCOL-4C, and YCpMCOL-8C to express collagen containing 2 Cys [named rCol-2C(1)], 4 Cys [rCol-4C(1)], and 8 Cys [rCol-8C (1)], respectively. In this manuscript, these mutants will be abbreviated as rCol-2C, rCol-4C, and rCol-8C.
To express the recombinant collagen, the yeast were cultured in selective media as previously described, 25 resuspended to 0.1 g/L in ice-cold buffer containing 0.1 M Tris-HCl, 0.4 M NaCl, 2 U/mL DNase, 1 U/mL RNase, and 1 mM PMSF (pH 7.5), and mechanically lysed using a French press cell disruptor (Thermo Fisher, Waltham, MA). EDTA and TCEP were added to the solutions to 1 mM each, and the solutions were incubated for 1 h at 4°C. The pH was lowered to 2, and the samples were digested with pepsin at a concentration of 0.2 mg/mL for 12 h at 4°C, conditions which degrade endogenous yeast proteins while leaving hydroxylated triple-helical collagen intact. The digested lysate was cleared by centrifugation. Protein was precipitated from the cleared supernatant by adding acetic acid (HAc) and NaCl to final concentrations of 0.5 M and 3M, respectively, and centrifuged. The precipitate was dissolved in 0.1 N HCl, the solution was raised to pH 7.4 with 200 mM Tris-HCl (pH 8.6), and TCEP was added to 1 mM. After incubation at 4°C for 1 h, the collagen was precipitated by adding NaCl to 3 M. The pellet was dissolved in 0.1 N HCl and dialyzed against 0.05 M HAc. Protein concentration was determined by BCA assay (Pierce, Rockford, IL) using bovine collagen type III as a standard. SDS-PAGE confirmed size and purity of proteins.
2.4. Characterization of Recombinant Collagen Variants. Circular Dichroism. To determine the structure and melting temperatures of the collagen variants, circular dichroism (CD) spectroscopy was performed using a Jasco (Easton, MD) J-810 spectropolarimeter. 35 The purified recombinant collagen samples (100−300 μg/mL) in 50 mM acetic acid were placed in a 1 mm quartz cell and scanned at 10 nm/min. To determine the apparent melting temperature (T m ), the temperature was increased at a rate of 1°C/min while measuring ellipticity at 221 nm. The molar ellipticity vs temperature was fit to the Gibbs−Helmholtz equation. 36 Cellular Adhesion. To assess whether the introduced cysteines affected cell adhesion, an adhesion assay was performed as previously described with the recombinant collagens and controls (human collagen III; BSA). 25 Briefly, wells in 96-well, untreated polystyrene plates were coated with 40 μL of 20 μg/mL protein in phosphate buffered saline (PBS, pH 7.4) overnight at 4°C, and then blocked with 1% BSA in DMEM for 1 h at room temperature (RT, approximately 22°C
). To verify that comparable amounts of protein were deposited between different samples, an alkaline phosphatase assay was performed as previously described. 25 HT-1080 cells were seeded at 1.5 × 10 5 cells/cm 2 in FBS-free DMEM supplemented with 0.1% BSA and incubated at 30°C for 4 h. Cells were washed with DMEM, incubated with DMEM + 10% FBS for 1 h at 37°C, and imaged. To quantify the relative number of cells adhered, an MTT assay was used; we incubated cells with 12 mM MTT in DMEM at 37°C for 2 h, and lysed cells by incubating with 70 μL of 20% w/v sodium dodecyl sulfate, 2 mM HCl, 400 mM HAc in dimethylformamide/water (50:50 v/v) overnight at 37°C. Absorbance at 570 nm was measured using a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA).
2.5. Functionalization of Collagen through Nonnative Cysteines. Conjugation of Non-native Cysteines with Fluorescent Markers. To determine the degree of accessibility and chemical functionality of the non-native Cys, the thiol side groups of the Cys were labeled with AF532. Recombinant collagen (1 mg/mL) was incubated with TCEP at a ratio of 2.5 TCEP to 1 Cys in 50 mM phosphate buffer (pH 7) for 30 min at RT, and was then reacted with AF532 (10 AF532 to 1 Cys) for 2 h at RT. As a control, native human collagen was treated with TCEP and AF532 under the same conditions. Unreacted AF532 was removed with a 40 kDa desalting column, and absorbance of the samples was measured at 532 nm. The amount of AF532 within each sample was determined by a standard curve for free AF532. The nonspecific binding of AF532 to the native collagen control was subtracted as the background.
Cross-Linking of Non-native Cysteines to Generate Collagen Hydrogels. The buffer of the different variants of purified collagen was exchanged into 50 mM HEPES (pH 5) at 1 mg/mL protein for passive microrheology, and into PBS (pH 7.4) at 2 mg/mL protein for bulk rheology. TCEP was then added at a ratio of 2.5 TCEP to 1 Cys and incubated at RT for 30 min to reduce any existing disulfide bonds. A 20 kDa, fourarm PEG cross-linker, derivatized with maleimide, was added and mixed at a ratio of 1 maleimide to 1 Cys for microrheology and at a ratio of 2 maleimides to 1 Cys for bulk rheology. Gel formation was characterized by rheological measurements as described below.
Conjugation of Non-native Cysteines with Growth Factor. To examine the effect on cell growth of an immobilized growth factor, TGF-β was attached to rCol-4C. TGF-β was activated with maleimide by reacting it with SMCC (80 SMCC to 1 TGF-β) at RT for 30 min, and excess SMCC was removed using a desalting column. Six-well, untreated polystyrene plates were incubated overnight at 4°C with 20 μg/mL rCol-4C in PBS. Maleimide-activated TGF-β (50 ng in 1 mL PBS) was reacted with the surface-adsorbed rCol-4C for 2 h at 4°C. Wells were washed with PBS and incubated with DMEM + 1% BSA for 1 h at RT. These surfaces were then used for subsequent cellular assays.
2.6. Characterization of Cross-Linked Hydrogels. Passive Microrheology. To monitor and screen conditions for the formation of a hydrogel from rCol-4C, we used passive multiple particle tracking microrheology. 37 Amine-functionalized polystyrene fluorescent tracer particles of 1 μm diameter were PEGylated with ms(PEG) 24 to reduce microparticle aggregation. Samples containing collagen protein mixed with cross-linker were prepared as described above at a volume of approximately 10 μL. Fluorescent tracer particles were immediately mixed into the sample after the addition of cross-linker, pipetted between a microscope slide and coverslip separated by 70 μm, and sealed (Norland optical adhesive 81, Norland Products, Cranbury, NJ). Passive microrheology was performed using an Axio Observer inverted microscope (Carl Zeiss Microimaging, Inc., Jena, Germany) attached to a Vt-Eye confocal scanner (VisiTech International, Sunderland, UK). Images were taken at 16 fps for 5 min every hour with a 20x (numerical aperture = 0.4) objective and 2x digital zoom. Samples were monitored over time at RT and the mean square displacement (MSD) of particles was measured by tracking particle centers of mass. 38 Following the method initially outlined by Larsen and Furst, we scaled each individual MSD curve to construct pregel and postgel master curves, and identified the gel point as the transition time between the two curves. 39 To determine the upper limit of elastic modulus measurable with our passive microrheology setup, a control sample of 20% polyacrylamide was prepared from 30% acrylamide/bis-acrylamide (29:1) in a final concentration of 375 mM Tris (pH 8.8), 0.1% w/v APS, 0.1% v/v TEMED.
Bulk Rheology. To confirm the formation of a cross-linked hydrogel using a secondary method and to determine bulk viscoelastic properties of the cross-linked samples, bulk rheology was performed on a stress-controlled rheometer (Anton Paar MCR 301, Graz, Austria) equipped with a 25 mm parallel plate geometry and Peltier temperature control system. Samples containing collagen protein mixed with cross-linker were prepared as described above at a 40 Collagen coated surfaces (rCol, rCol-4C, and native human collagen) incubated with maleimide-functionalized TGF-β in 6-well plates were prepared as described in section 2.5. NIH/3T3 cells were seeded at a density of 6.3 × 10 4 cells per cm 2 in DMEM + 10% FBS and incubated at 30°C and 5% CO 2 for 6 h to allow cells to adhere. Wells were washed with PBS, and media was replaced with DMEM + 0.1% FBS. For the controls, collagens that were not mixed with maleimidefunctionalized TGF-β were adsorbed to the surfaces, and soluble TGF-β (not maleimide-functionalized) was added to the cell culture media to a final solution concentration of 5 ng/ mL (positive controls) or 0 ng/mL (negative controls). Cells were incubated at 30°C, 5% CO 2 for 48 h then lysed with CelLytic M. Cell lysate was analyzed by Western blot using anti-αSMA primary antibodies raised in mouse and alkaline phosphatase-conjugated rabbit antimouse secondary antibodies. Intensities of bands were quantified using ImageJ software and normalized to the respective positive control (the collagen variant mixed with 5 ng/mL soluble TGF-β) within each blot. Intensity results are reported as mean ± standard deviation and are replicates of four independent experiments.
2.8. Statistical Analysis. For apparent melting temperatures and cell adhesion, results are reported as mean ± standard deviation of at least three independent experiments. Statistical significance was determined using the software program R. 41 We used one-way analysis of variance (ANOVA) followed by the Tukey post-test to evaluate pairwise comparisons. A p-value less than 0.05 was considered significant.
RESULTS
3.1. Fabrication and Expression of Cysteine-Containing Collagen Variants. Non-native Cys codons were successfully introduced into primary gene fragments through site-directed mutagenesis, and these gene fragment modules were utilized to assemble the genes encoding full-length collagen variants (Figure 1 ). Using these genes, the collagenbased proteins rCol-2C, rCol-4C, and rCol-8C, with 2, 4, and 8 Cys per collagen, respectively (corresponding to 6, 12, and 24 Cys per triple-helical polymeric assembly), were successfully expressed and purified from engineered yeast strain BYα2β2. Approximately 0.5 mg purified protein was recovered per L of culture for rCol-2C and rCol-4C, and approximately 0.05 mg purified protein was recovered per L of culture for rCol-8C. SDS-PAGE analysis showed that the purified rCol-2C and rCol-4C are the expected size, which is consistent with the rCol control (baseline; recombinant human collagen III) and the hCol control (native human collagen III) (Figure 2 ). These proteins are also as pure and pepsin-resistant as the rCol baseline human collagen. Although rCol-8C was expressed in yeast, purification yields were inconsistent and suggested disulfide cross-linking of the Cys thiols. Therefore, subsequent investigations focused primarily on rCol-2C and rCol-4C.
3.2. Confirmation of Structure, Thermostability, and Cell Adhesion Capability. The structure of the recombinant collagen variants was examined by CD. Variants rCol-2C and rCol-4C were both confirmed to be triple-helical, with the characteristic CD spectra exhibiting a positive peak at 221 nm and negative peak at 198 nm ( Figure 3 ). The thermostability of the triple helix of rCol-2C and rCol-4C were interrogated by CD temperature scans, and yielded apparent melting temperatures (T m ) of 35.9 ± 0.1°C for rCol-2C and 37.2 ± 0.5°C for rCol-4C (Figure 3) . In comparison, the T m of recombinant baseline collagen (rCol) is 35.8 ± 0.5°C. 25 These values for recombinant collagens are all lower than the apparent T m of 39.1 ± 0.1°C for native human collagen III (p < 0.01). Interestingly, the higher value of T m for rCol-4C relative to rCol-2C is statistically significant (p < 0.05).
We examined whether the introduction of Cys would affect cellular adhesion to the collagen variants. Human collagen III, BSA, rCol, rCol-2C, and rCol-4C were deposited onto surfaces of 96-well plates. Surface protein densities were verified to be equivalent by an ALP-streptavidin−biotin assay. At these experimental conditions, HT-1080 cells adhered to and spread on rCol-2C and rCol-4C substrates at comparable levels as on rCol (baseline) and human collagen III ( Figure 4A ). In contrast, cells did not adhere to the BSA negative control. These observations were also supported by the quantitative results of the MTT assay ( Figure 4B ). The numbers of viable cells attached to any of the collagen surfaces were not significantly different from one another, but they were all significantly higher than the number of cells adhered to surfaces coated with the BSA control (p < 0.001). Thus, cell adhesion onto recombinant collagen is not inhibited by the introduction of non-native cysteines.
Characterization of rCol-2C and rCol-4C shows that the structure, stability, and cellular adhesion to these variants are similar to those of rCol and to each other. Therefore, we selected the recombinant collagen with the greater number of changes from the baseline, rCol-4C, as the representative variant for subsequent functional characterization.
3.3. Accessibility and Functionality of Non-native Cysteines. Cysteine Reactions with Small Molecules. To determine the accessibility and functionality of Cys within our collagen variants, we mixed rCol-4C with a dye molecule that can couple to the Cys thiols. Our results demonstrate that the Cys within rCol-4C is solvent accessible and chemically reactive. The conjugation ratio was determined to be 3.1 ± 0.2 molecules of AF532 to 1 collagen monomer for the given reaction conditions. This corresponds to approximately 77% of the cysteines being labeled.
Formation of Cross-Linked Collagen Hydrogels and Evaluation by Microrheology. To examine whether Cys could be cross-linked for hydrogel formation, rCol-4C was reacted with a maleimide-functionalized PEG cross-linker. Using passive microrheology, we observed that this protein and cross-linker mixture gradually progresses from a viscoelastic liquid to a viscoelastic solid. Tracer particles were tracked over time and the particle MSDs were calculated at various time points. Each MSD curve was scaled utilizing time cure superposition to form the pregel and postgel master curves shown in Figure 5 . 39 The MSD of the tracer particles initially progressed over time from a slope of near 1 (diffusive dynamics indicative of a liquid-like viscous medium) to the gel point with a slope near 0.5. 42 The postgel master curve shows that samples continued to evolve as the slope of the MSD plot decreases to near 0 (localized dynamics indicative of a solid-like elastic medium) after approximately 50 h. At this point, particles became arrested at the upper limit of stiffness (evaluated here as G′ or storage/elastic modulus) distinguishable by our microrheology setup; using a 20% polyacrylamide gel as a standard, this maximum stiffness was determined to be close to 0.3 Pa. Time to gelation varied from approximately 30 to 70 h for identical experimental conditions, demonstrating the kinetics of gelation can vary between replicates. However, the consistent decrease of the MSD slope over time to nearly zero indicates the formation of a cross-linked matrix. The viscoelastic properties of the samples were further evaluated by conventional bulk rheology (see results below). As expected, the recombinant baseline collagen control (no Cys) mixed with cross-linker demonstrated only diffusive behavior with slope near unity in the MSD plot and did not exhibit signatures of gelation up to 15 h; beyond that time point, aggregation of microparticles prevented further measurements.
Formation of Cross-Linked Collagen Hydrogels and Evaluation by Bulk Rheology. After detecting gelation through microrheology, the viscoelastic properties of hydrogels formed from the collagen variants were independently characterized using a conventional rheometer until the storage (G′) and loss (G″) moduli remained unchanged over several hours ( Figure  6A ; Figure S-1, Supporting Information) . Samples initially showed more viscous than elastic behavior (G″ > G′), but over time became more solid-like (G′ > G″). The rCol-2C and rCol-4C samples reached the gel point (defined here as the time to reach G′ = G″), at approximately 2.6 ± 0.4 h and 1.1 ± 0.1 h, respectively. G′ values plateaued near 5−10 Pa for rCol-4C after approximately 11.5 ± 1.4 h ( Figure 6A ). For rCol-2C, G′ was 3−4 Pa after approximately 7.6 ± 0.6 h ( Figure S-1 , Supporting Information). At this point, the storage and loss moduli remained relatively independent of frequency ( Figure  6B ; Figure S-1) ; this is characteristic of viscoelastic solids and gel-like materials. 43, 44 Recombinant collagen without the introduced non-native cysteines (rCol) was also tested under the same cross-linking conditions as used for rCol-2C and rCol-4C. As expected, the sample remained more viscous than elastic (G″ > G′) over the testing period, never reaching a gel point. Collectively, these observations support the formation of a collagen gel through Cys cross-linking. 
Cellular Response to Biomimetic Collagen
Conjugated with TGF-β. To investigate the feasibility of modulating cellular activity through the covalent conjugation of growth factors, collagen-coated surfaces were reacted with maleimide-activated TGF-β, and NIH/3T3 cells incubated on the coated surfaces were assayed by Western blot for expression of αSMA. The myofibroblast marker, αSMA, was detected in all samples to varying degrees. As expected, the control samples with 5 ng/mL TGF-β in solution (positive controls) exhibited the highest amounts of αSMA, while the samples without TGF-β (negative controls) contained the lowest amounts of αSMA (Figure 7) . Importantly, we observed that the band intensity of rCol-4C with TGF-β-maleimide was 1.8 ± 0.1 times the intensity of rCol (no Cys) with TGF-β-maleimide, highlighting the effect of covalently immobilizing TGF-β to the Cys collagen variant for promoting myofibroblast differentiation.
DISCUSSION
The requirements of the Gly-X-Y peptide repetition, together with the need for unique local sequences embedded within the repeats for cell-recognition sites and a relatively large protein length, makes the collagen gene difficult to synthesize via de novo strategies. This synthesis challenge poses a great hurdle to tailoring collagen's protein properties (e.g., tuning scaffold stiffness to guide cell fate or reduce compliance mismatch) to better suit bioengineering applications. Our modular collagen platform is able to address these challenges to yield prescribed, full-length collagen variants. By introducing mutations into the nucleotide sequence of primary fragments, genes encoding different numbers of non-native cysteines were produced by mixing-and-matching primary fragments for PCR assembly. The successful assembly of full-length collagen genes with multiple non-native functional mutations demonstrates the flexibility of the modular collagen platform. If significant changes to the nucleotide sequence are desired, the method of site directed mutagenesis may not suffice, and optimization of the DNA sequence for the desired amino acid sequence and assembly of primary fragments from oligonucleotides may be necessary. 15 The introduction of four non-native cysteines per molecule, placed in the X or Y position of the Gly-X-Y repeat, did not affect the formation of full-length triple-helical collagen. Although rCol-4C has an approximate 2°C lower apparent T m than the value for native human collagen III, it is approximately 1.5°C higher than that for recombinant baseline collagen III (rCol). 25 Furthermore, rCol-2C retains a similar T m as rCol. Our yeast expression system has genetically introduced human prolyl-4-hydroxylase to hydroxylate the prolines in collagen. Without the hydroxylase enzymes, the resulting collagen was too unstable to enable purification. The lower apparent T m of collagen produced by the recombinant yeast system, compared to native human collagen, may be due to differences in proline hydroxylation 25 or lysine hydroxylation, the latter of which increases collagen stability by promoting intramolecular cross-linking between collagen. 45, 46 Interestingly, we consistently observe that collagen variants with four Cys (rCol-4C) yield higher T m values than recombinant rCol without Cys (rCol) or with only two Cys (rCol-2C), potentially due to stabilization from low levels of disulfide cross-linking.
Our prior investigation using atomic force microscopy to examine collagen stability and structure demonstrated that the recombinant collagen retained its triple-helical structure over the time frame of cell adhesion assays when incubated below the T m . 25 Therefore, to preclude the possibility of thermal denaturation of protein structure in affecting cellular response, cell studies were performed at 30°C. The thermostability of our recombinant collagens may confine their use to temperatures below 37°C at this time. To address this possible limitation, we are currently investigating strategies to increase thermostability, including strain engineering (e.g., increasing intracellular ratios of proline hydroxylase to collagen in the yeast) or substrate engineering (e.g., methods to stabilize collagen on solid substrates).
We showed that the introduced cysteines can function as unique and specific cross-linking or attachment sites. Our examination of protein sequences did not identify any cysteines embedded in the triple-helical fibrillar regions of any collagen from native mammalian sources. Thus, introduction of Cys into the polymeric chain through genetic engineering allows for unique control over the location and the number of the chemically functional thiols in each collagen molecule. Previous studies have introduced sulfhydryls to collagen using Trauts reagent, which reacts with primary amines; 47 however, this strategy does not enable control over the number or locations of reactive sites. This lack of control could potentially lead to heterogeneity of cross-links or immobilized factors, resulting in heterogeneous local properties (e.g., irregular porosity or mechanics, local gradients of growth factor) within the scaffold.
Passive multiparticle microrheology confirmed that our Cys in rCol-4C can be cross-linked to form hydrogels; the material transitioned from a liquid-like to a solid-like character over time as the cross-linking reaction of introduced cysteines with malemide-functionalized PEG proceeded. The resulting collagen reached stiffness values that exceeded the upper sensitivity limit of our passive microrheology setup. Therefore, to gain additional information regarding the viscoelastic properties, we utilized traditional oscillatory rheology. Gelation was also observed, and differences in gel point times between microrheology and bulk rheology may be related to the differences in experimental protocols needed to perform the respective techniques (e.g., pH, presence of PEGylated microparticles), the size of the sample, and variations obtained from probing local versus bulk regions. Particle aggregation that occurred when monitoring rCol samples may have been due to salt bridging between charges on the microparticles and collagen.
One key advantage of using passive microrheology over traditional bulk rheological measurements for artificial ECM studies is the usage of very small sample sizes, which can be beneficial for screening viscoelastic properties of protein-based polymers at different conditions when microbial protein yield is low prior to scale-up. Bulk rheology can subsequently be used to thoroughly examine the variants that are identified to exhibit the desired properties. As our current study has also shown, passive microrheology is limited in the range of measurable parameters, because tracer particle movements are solely driven by thermal energy. A possible alternative technique is active microrheology, which utilizes an external force (e.g., optical or magnetic) to move tracer particles within the material. Active microrheology also requires only small sample quantities, yet potentially provides access to a broader range of measurable rheological parameters compared to passive microrheology. 48 The storage moduli measured for our cross-linked samples were comparable to those of collagen gels of the same concentration formed through fibril formation, 49, 50 and they are also consistent with theoretical estimations based on polymeric lengths and cross-linking densities. Utilizing the equation G 0 = vkT where G 0 is the low frequency elastic modulus and v is the number of polymeric network strands per unit volume, 51 we can estimate the distance between cross-links for our hydrogels to be 100−110 nm for rCol-2C and 70−90 nm for rCol-4C. These numbers are in good agreement with the average distance between the introduced non-native cysteines within each collagen strand, which are approximately 120 nm for rCol-2C and 90 nm for rCol-4C, based on protein sequence. Although the storage modulus or stiffness of the formed gel was relatively low for typical tissue engineering applications, experimental conditions such as the protein concentration, cross-linking ratios, and the length of the cross-linkers could be optimized to obtain the desired viscoelastic properties. For example, studies with recombinant elastin utilize the relatively high concentration of 100 mg/mL to obtain desired mechanical properties. 8 Another study utilizing high molecular weight heparin examined how varying cross-linker length as well as cross-linker ratios can modulate hydrogel stiffness. 42 We have also shown the ability of the introduced Cys thiols to function as anchoring sites for biofunctional molecules. Tethering of growth factors or other biologically active molecules increases the number and type of tunable parameters in artificial ECM scaffolds. We demonstrated that collagen variants with TGF-β attached to non-native cysteines induced αSMA expression in NIH/3T3 fibroblasts to a greater degree than collagen without the cysteines, supporting a greater extent of myofibroblast differentiation. Other bioactive molecules, such as antibodies for cell capture 47 or VEGF to promote vascularization, 52 could be utilized in lieu of TGF-β to customize the cellular microenvironment.
One limiting constraint of using native ECM sources is the inability to independently control parameters such as protein concentrations, mechanical properties, and densities of cellreactive sites within collagen. 53 Our platform enables such decoupling in the context of collagen, allowing the determination of the degree to which concentration of collagen, cell signaling site densities, or stiffness of the substrate modulates specific cell behavior. Other hydrogel systems exist that enable this decoupling, but are comprised primarily of the lessabundant ECM proteins (e.g., elastin 54 ) or synthetic polymers (e.g., PEG 9 ). Collagen mimetic peptides are short building blocks relative to full-length collagen (approximately 10 nm vs 300 nm), and this significantly smaller length can reduce versatility due to available distance for cell activity sites. 55 Though advances have enabled collagen-mimetic peptides to form fibers of 3 to 4 μm in length, these typically involve repeating the same set of peptide sequences in tandem. 56 These alternative strategies rely on identifying specific cell-ECM interactions to engineer the respective known functions. In contrast, our platform utilizes the entire full-length sequence of collagen, which may include uncharacterized epitopes and be beneficial for clinical applications.
CONCLUSIONS
In this study, we successfully produced full-length recombinant collagen variants containing non-native cysteines. We demonstrated the functionality of these engineered Cys residues by utilizing them for cross-linking into hydrogels and for growth factor immobilization. The introduction of two or four nonnative Cys per collagen monomer (6 or 12 per trimer, respectively) resulted in stable triple helices and supported cell adhesion, both at comparable degrees relative to recombinant collagen without Cys. Thus, this recombinant collagen platform produced unique, specifically prescribed mutants of collagenmimetic biopolymers, demonstrating proof-of-concept to introduce non-native functional properties into a physiologically important biopolymer. 
